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A HEAT TRANSFER MODEL FOR FIRE FIGHTERS' PROTECTIVE CLOTHING
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FIGURE 4.2: Solid/gas interface at outer surface of garment.

TABLE 1: Physical characteristics of fabric layers (at 20 °C).

Fabric

Characteristic Shell Moisture Barrier Thermal Liner

Thickness (cm) 0.082+ 0.007 | 0.055+ 0.005 0.35+0.04

specific mass (g/f) 254 440 240

density (g/crﬁ) 0.31+0.024 0.8+ 0.06 0.072+ 0.007

conductvity (W/em-C) | 4.7x104 [1] | 1.2x10* (soft rubber [16]) | 3.8x1074 (glass wool, [16])
specific heat (J/g-C) | 1.3 [1] 2.01 (soft rubbef16]) 0.7 (glass wol, [16])
transmissiity (seetext) | 0.044 0.005 0.0012

reflectity (see tet) 0.09 0.017 0.002

color black white yellow

obtainedin two wayswhen possible:from the measuredhickness areaand massor from the measured

thicknessandareadensityfrom the manufcturer(whenavailable).In theturnoutcoatconsiderederethe
shell materialis Nomex® Il1A, the moisturebarrieris neopreneandthe thermalliner is Aralite®.! The

conductvity, specificheatandoptical propertiesof the fabricswere not measuredWhenpossible these

propertyvalueswereobtainedfrom the literature(referencesrecitedin Table1). Whenno valuescould

befoundthosefor similar fabricswereuseduntil measuredialuescanbe obtained For example,the spe-

cific heatsof soft rubberandglasswool wereusedfor the moisturebarrierandthermallayer, respectiely.
Tablel lists the material properties used in the simulations reported here.

1. Certaincommerciakquipmentinstrumentsor materialsareidentifiedin this paperin orderto adequatelygpecifythematerials

usedandtheexperimentabrocedureSuchidentificationdoesnotimply recommendationr endorsemertty the Nationallnstitute
of StandardendTechnologynor doesit imply thatthe materialsor equipmenidentifiedarenecessarilfhe bestavailablefor the

purpose.
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TURNOUT COAT CHARACTERISTICS

As mentionedabore, the modelusedthe total or spectrallyintegratedvalue of the transmissiity and
reflectivity. Thesewere calculatedfrom their spectrallydependentalues.For example,in the caseof the
shell layer

J, EbaTa, 107 J EoaTa, 107
Tl = —’ rl = - .

I: Ep, 70\ I: Ep, 70\

The spectralenepy distribution from the centralregion of a gas-firedradiantpanelapproximateshatof a
blackbody source at 943 [K7] which was used foEy, in Eq. ©.1).

(5.1)

BamfordandBoydell [10] usethe specificmassof the fabricto determinevaluesof t, andr, for four
wavelengthbands(visible, 0.4 um - 0.7 um; 0.7 um - 2.5um; 2.5 um - 5 um; and> 5 pm). Theseband
averagedransmissiities canthenbe usedin Eq. (5.1). It shouldbe notedthatthe methodusedby Bam-
ford and Boydell [10] to obtaint andr is basedon a compilationof optical propertymeasurementgt].
Commonclothing fabrics(cotton, polyestey acetateacrylic andwool) were measuredMore specialized
fabricsusedin fire fighter protectve clothing,suchasNomex® werenot consideredThus,theaccurag of
the optical propertiesobtainedvia Bamfordand Boydell shouldbe viewed with somecaution.For exam-
ple, Fig. 6 in Quintiere[18] shaws that twill cottonsand aromaticpolyamide(genericNomex®) of the
samespecificmasshave markedly differentspectralbehaior (in the wavelengthrange0.7 um - 2.5 um).
Evenwhenthetotal transmissiity for a givenfabricis measuredlifferentvaluesarereportedFor a shell
fabricwith aspecificmassof approximatelyLl40g/n¥ reportedvaluesare:T = 0.11for aromaticpolyamide
with a1000K blackbodysourceg18]; 1 =0.17for Nomex with a1250K blackbodysource5]; themethod
usedby BamfordandBoydell givest = 0.08with a1100K blackbodysource Similarly, thetotal reflectiv-
itiesfor thecasegustconsideredrer = 0.24[18], r = 0.26[5] andr = 0.09from BamfordandBoydell. As
with thetransmissiity, thereflectvity of Nomex® obtainedfollowing BamfordandBoydell is lower than
thosein the literature.In fact, Quintierefound that, irrespectve of color or specificmass,y = 0.22for a
numberof commonlyusedcotton-base@dndaromaticpolyamideshell fabrics(1000K blackbodysource
temperature).

It is clearfrom the variationof the optical propertyvaluesfoundin the literaturethattheseproperties
needto be measuredor the specificfabricto be simulated However, pendingthesemeasurementfase
casevaluesof the spectraltransmissiity andreflectiity for eachfabric layer weredeterminedusingthe
methodof Bamford and Boydell. This was donebecauseano optical propertyinformationwas found on
neoprener Aralite® andthe methodusedby BamfordandBoydell only requireshe specificmass Figure
5.3 shaws the normalizedspectralblackbodyemissve power and spectraltransmissiity from which the
totaltransmissiity wascalculatedEg. (5.1)] for theNomex® IIIA shellfabricusedin this study Thetotal
reflectivity of the shellwascomputedn a similar manner The moisturebarrierwassubjectedo the gas-
fired panels radiative spectrumastransmittedn modifiedform throughthe shell. From the definition of
the spectral transmisdty [16] the spectral emiss paver incident on the moisture barrier is

Ex,2 = Ta 1Ep - (5.2)
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A HEAT TRANSFER MODEL FOR FIRE FIGHTERS' PROTECTIVE CLOTHING
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FIGURE 5.3: Normalized spectral blackbody emissive power versus wavelength which approximates
the emission of the gas-fired radiative panel (blackbody source temperature of 943 K). Also shown is the
aszsumed spectral transmissivity from Bamford and Boydell [10] for Nomex® llIA of specific mass 254 g/
m-<.

Equation(5.2) alongwith the spectrakransmissiity of the moisturebarrierwereusedin Eq. (5.1) to com-
putethetotal transmissiity of the moisturebarrietr Thetotal reflectivity of the moisturebarrierwascom-
putedin a similar way. The basecasevaluesof the optical propertiesaregivenin Table 1. Both air gaps
wereassumedo be 1 mm thick. The specificheatof air, which is weakly dependenbn temperatureyas
setequalto its valueat 20 C (1.006J/gC). Thetemperaturelependencef the conductvity anddensityof
air were fitted by polynomials.

6 Model Results

6.1 Verification

It is usefulto comparethe resultsof the numericalmethodto exact solutionsof simplified problems.The
performancef the numericalmethodcanthenbetestedandthe grid resolutionrequiredfor suitablyaccu-
rateresultscanbe determinedTo testthe modelfor the caseof two materialswith differentpropertiesghe
exact solution to the foll@ing problem vas used:

U(xt) = T(xt)=T(x, 0),

2 2
U, 90U, . ou, dU,
oU,(0,t)
1 —

Equation(6.1) alongwith continuity conditionsof both U andits flux attheinterfacetwo differentmateri-
als(x = xr) governsthe changdn temperatureueto a constanflux H onthex = 0 boundary The solution
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MODEL RESULTS

hasbeenfound usingLaplacetransformd[19] with correctiondn [6]). The prescribecconstanboundary
flux H canbe viewed asthe net flux dueto radiation,conductionand corvection at the boundary Time

dependentadiative and corvective heatlossesat the boundarywhich increasewith temperatureare not

present. Thexact solution to Eg6.1is

[ﬂ] X2 D
[{]:2 2! 4D1t xDL erf
T 2 / tDD
Eﬂ]
© D07 2O 0 (6.2)
L Z %%P 2 —Ti-[e 4Dty 4D1tD—a[a erfB——D[ '
Y& O 2,/D,t0C
+ b[ﬂ. fB—D %
er 0
0 2,/D,t00j0
2Ha, /B, /— 0
U, = 1 4D2t c[ﬂ. erf (6.3)
Xr ZJ_tDD
and at the material intex€e X = X
D(r(2n+1)EF
H 0 2F
U(Xp, t) = — —
=gy BTG L
n=0 (6.4)
0 xl-(2n + 1)D
—Xr(2n+ 1) - erf———
O Dt D
where
k C,-P5+ /kiC .p1KoC 5P
2%p,2P2 1pafitop 22 -
J @ = (ky B -k B,
KyCp 2P~ /\/klcp 1P1KC, 292
a=x+2x-(n+1), b = x-2x(n+1),

c=X-X{1-,/Dy/D4(2n+1)}.

This solutioncanbe usedto ensurethatthe discontinuityof the conductioncoeficient at the material
interfaceis handledproperlyby the numericalmethod.Unlike theflux dueto conductiontheradiative flux
in Eq. (4.4) wasdirectly modeled Its accurag depend®n thevalidity of the physical modelfor radiative
heattransferand on using appropriateoptical properties—not on the accurag of numericaldifferentia-
tion. Thus,eventhoughradiative absorptiorandemissiorareabsentusingEg. (6.1) doestesttheaccurag
of the full numerical model. (There is a minciception to this statement which will be discussedwglo
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A HEAT TRANSFER MODEL FOR FIRE FIGHTERS' PROTECTIVE CLOTHING
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FIGURE 6.1: Temperature from the exact and numerical solution of the one-dimensional conduction
equation for a two material semi-infinite solid subject to a constant heat flux.

The caseof a xr = 0.5 mm layer of Nomex® againsta 5 mm layer of neoprenevas simulated.The
externalflux was0.25W/cn?. This flux wasalsousedin the simulationof an experimentaltestapparatus
caseto bediscussedelon. Material propertiesfrom Table 1 wereused.The temperaturerofile through-
outthetwo materiallayersatt = 60sis shavn in Fig. 6.1(a). Temperaturefrom theexactsolutionatcom-
putationalgrid point locationsare shavn asdots. The Nomex®/neoprenenterfacecanbe seento reside
midway betweerthe adjacentontrolvolumes.Temperatureffom the exactandnumericalsolutionsarein
excellentagreementThetemperaturéime historiesat threelocationsin the fabricassemblyareplottedin
Fig. 6.1(b). The exactandnumericaltemperaturereaggin in excellentagreemenat the interior pointx =
1.5mm. Sincenumericalvaluesof thetemperatur@xist only at controlvolumecenterghey arenotknown
atmaterialinterfaces Thisis the sourceof the disagreemer{Teact— Tmodel < 3 °C att = 60s) betweerthe
numericalandexacttemperatureatx = 0 mmandx = x- = 0.5mmin Fig. 6.1(b). Someerrorwill therefore
be introducedwhen computingthe interlayerradiative fluxes [Eq. (3.18] and the radiative flux to the
ambientsurroundingsHowever, the differencebetweenthe exact and numericalsolutionis sufiiciently
small that this error will be negligible. The resultsabove shav that the numericalprocedureaccurately
computed heat transfer through the irdeéf between twfabrics commonly used in turnout coats.
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MODEL RESULTS

6.2 Turnout Coat Sim ulation

A turnoutcoatassemblywith materialcharacteristicéistedin Table 1 wassubjectedo thermalradiation
from a gas-firedradiationpanelasdiscussedn Sec.2. Thetotal radiative flux on the shell of the turnout
coatwasq, = 0.25W/cn?. This flux is characterstiof the pre-flasheer fire ervironmentin which struc-
tural fire fighterstypically work [21]. Thermocouplesf type K andsize10 mil (0.254mm) weresevn on
thefront surfaceof the shell(x = 0 mm), andboththeinnerair/fabricinterface(x = 3.4 mm) andthe outer
fabric/airinterface(x = 6.9 mm, back surfaceof garment)of the thermalliner. The turnoutcoatmaterial
wassubjectto radiationfrom the gaspanelfor 300s afterwhich aradiationshieldwasplacedbetweerthe
coatandthe gas-firedpanel.A cool down periodof approximatelyl0 min followed. Theturnoutcoatsam-
ple wasthenremovedfrom the experimentakestapparatusTensuchtests,separatethy approximatelylO
min, werecompletedFromthesetenteststhe meanandstandardieviation of thetemperaturat eachther-
mocouple were computed. The ambient mean temperaaséownd to bd,, = 29.3 °C.

On Fig. 6.2(a) the temperaturdime history from the simulationand experimentat the threethermo-
couplelocationsareplotted. Thetemperaturaifferencebetweerthe simulationandthe experiment(mean
values)areplottedversustime in Fig. 6.2(b). Heattransferthroughthe turnoutcoatreaches steadystate
afterapproximatelyl00s. Figure 6.3 shows the simulatedand experimentaltemperaturesersusdistance
into theturnoutcoatat threedifferenttimes,t = 0 s, 200s (during steadystate) 400s. Verticaldottedlines
mark the air/solid interfaces.Meantemperature$rom the thermocouplegat x = 0 mm, x = 3.4mm, 6.9
mm) are plottedasblack circleswith errorbarsextendingonestandarddeviation above andbelow. Simu-
latedtemperatureareplottedassolid lines. During the steadystateperiodthe simulatedshelltemperature
is approximatelyl5 °C higherthanexperimentallyobtainedtemperaturesThe largesterror in the model
occurredin the predictionof temperaturesn the outershellsurfaceduringthefirst half of the experiment
beforetheflux from theradiantpanelwasblocked. A probablesourceof this erroris theapproximatanan-
ner by which the transmissiity andreflectvity valueshave obtained. A majority of the incidentradiant
heatflux is absorbedy the shell. Thus, it is especiallyimportantin the caseof the shellto useaccurate
valuesfor the transmissiity andreflectiity. After the radiantpanelis blocked, the materialpropertiesof
the fabric layers(conductvity, specificheatand density)play a moreimportantrole, as doescorvective
heatlossfrom the boundariesNote thatduringthe cool down periodthe simulatedandexperimentakem-
peraturedor the shell arein betteragreementThe simulatedtemperatures the interior of the garment
were within approximately 5 °C of the meatperimental temperature.

Basedon theseresultsit appearghatthe modelcould be usedto predictthe thermalperformanceof
fire fighters’ protectve clothing (at leastunderheatflux conditionsconsistentwith the modelassump-
tions). More datafrom experimentsusing materialsfor which the optical and thermalpropertiesof the
materialsareknown is requiredbeforethe accurag of the modelcanbe conclusvely measuredMeasure-
mentsarecurrentlybeingmadeof materialpropertiemecessaryor modelingthethermalbehaior of fab-
rics and &bric assemblies commonly used in fire fighter.gear

Thenetradiatve flux from the simulationat boththe front surfaceof the shellandthe backsurfaceof

thethermalliner areplottedversustime in Fig. 6.2(c). During thetime interval t = 0 sto 300s theflux on
thefront surfacewasreducedrom 0.25W/cn¥ to 0.14W/cn?¥ by reflectionandradiationto the surround-
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FIGURE 6.2: (a) Simulation time history (lines) and mean experimental temperature (filled circles) with
+/- standard deviation spread for the Nomex®/neoprene/Aralite® assembly. Results at the three
thermocouple locations (x = 0 mm, 3.4 mm, 6.9 mm) are shown. (b) Difference between temperatures
from the simulation and experiment shown in Fig. (a) versus time. (c) Net thermal radiation flux versus
time from the model, at the front (X = 0 mm) and back (X = 6.9 mm) boundaries of clothing assembly.
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SUMMARY AND CONCLUSIONS
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FIGURE 6.3: Profiles of simulated temperature (lines) through the Nomex®/neoprene/Aralite®
assembly at three different times: t =0 s, 200 s, 400 s. The mean temperature (filled circles) and +/-
standard deviation spread from ten experimental runs are also shown at the front surface of the shell,
the internal air/thermal liner interface and at the back of the assembly.

ings. After radiationfrom the gas-firedpanelwasremovedat 300 s radiative cooling occurred Note thatif
theambienttemperaturés increasedo 65 °C which is commonlyexperiencedy fire fighters[21] the net
radiative flux on the shellat 300 s would increaseto 0.16 W/cn? for the sameshell temperatureOn the
backsurfacetheradiative flux graduallyincreasedo amaximumof 0.025W/cnv asthetemperaturef the
thermalliner rose[Fig. 6.2(a)]. This flux wasentirelydueto thetemperaturef thethermalliner relative to
the ambienttemperatureT,,, sincethe contribution of the externalflux g, wasnegligible. If the ambient
temperatures increasedo T, = 32 °C (normalcoreskin temperature}he backsurfaceflux decreaseto
0.023 W/crd for the same thermal liner temperature.

Figures6.2- 6.3shav thatthe clothingensemblelearly provided protectionagainsttheincidentradi-
ative flux. Fromthe outsideof the shellto the backof the thermalliner the temperaturdell nearly70°C.
Theeffectsof the moisturebarrier’s lower thermalconductvity areapparenby therelatively steepdropin
temperaturen thet = 200stemperaturgrofile in Fig. 6.3 The steadystatetemperaturat the backof the
thermalliner reacheds6 °C. Notethatwhena fire fighterwearsa turnoutcoatthe apparentemperaturén
theair gap betweertheturnoutcoatandthefire fighterwill risedueto anincreasedelative humidity. For
the incidentflux andprotectve clothing assemblyconsiderechereheattransferto the fire fighter would
occur predominantly through conduction rather than radiation from the thermal liner

7 Summary and Conc lusions

The goal of this projectat NIST is to improve fire fighter safetythrougha betterunderstandingf heat
transferin the protectve garmentsvorn by fire fighters.Both experimentalandmodelingapproachesvere
used.This paperfocusentheformulationof thefirst stagein a heattransfermodelsuitablefor predicting
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A HEAT TRANSFER MODEL FOR FIRE FIGHTERS' PROTECTIVE CLOTHING

temperatureandheatflux in fire fighterprotectve clothing.For thisreasormodelresultswerecomparedo
only one experimentalcase(q, = 0.25 W/cn?, typical of pre-flasheer fires) with one commonly used
three-layerprotective clothing assembly Model predictionsof the temperatureagreedvery well with
experimentaltemperaturdor the interior layers(within 5 °C). Temperaturegoredictionson the outershell
were up to 24 °C higher than experimentally measuredvalues (while the external radiative flux was
present) Error in the estimatef transmissiity andreflectvity wasmostlikely the sourceof modeling
error in the shelltemperaturesNo measurementsf theseoptical propertiesfor arny of the fabricswere
available.Instead thesepropertyvalueswere basedon previous work in the literature.NIST is currently
developinga databasef materialpropertiesor fabricsandmaterialscommonlyusedin fire fighterprotec-
tive gear Furtherapplicationandtestingof the modelusingotherfabricassemblieandheatflux environ-
ments is needed taexify the model.

The modelwasdesignedasmuchaspossible to accommodatéhe variablethermalervironmentsin
which afire fighterworks. While this capabilitywasnot shovn here theincidentradiative heatflux, fabric
thicknessair gapthicknessor the presencer absencef anair gap canbe varieddynamicallyduringthe
simulation.

At this stage the modelis restrictedto dry fabricsandtemperatureandflux levels which are suffi-
ciently low thatnothermaldegradationof thefabricoccurs Furtherdevelopmentshouldincludemoisture
effectsanda multiple-layer variablepropertyskin mode.Estimationsof burn injury risk would thenbe
possible.
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